Chiral nanophotonic devices are promising candidates for chiral molecules sensing, polarization diverse nanophotonics and display technologies. Active chiral nanophotonic devices, where the optical chirality can be controlled by an external stimulus has triggered great research interest.
integrated biomedical sensing and polarization diverse photonic devices.
Recently, active chiral metamaterials have attracted great research interest. Unlike biomolecules showing fixed optical chirality, the chiroptical response of an artificial nanostructure can be switched by an external stimulus. Several methods have been demonstrated for chiroptical switching, such as phase-change materials (VO2, Ge3Se2Te6), 18, 19 DNA origami, 20, 21 mechanical deformation, 22 chemical reactions 23 and magneto-optical effects. 10, [24] [25] [26] Among these methods, active control of the optical chirality using magneto-optical effects have attracted particular strong research interest. 27, 28 Compared to other mechanisms, modulation of the optical chirality using magnetic fields shows advantages of high speed, low power consumption, continuous tunablity and ease for integration. 10, 26 For instance, a far field CD modulation amplitude up to 150% is observed in an Au-Au-Ni trimer chiral plasmonic device. 26 However, the weak magneto-optical effect and strong optical absorption in ferromagnetic metals limited the modulation efficiency. The magnetic field induced CD modulation is usually much weaker than the structural CD, resulting in small modulation amplitudes of the far field CD. Therefore, efficient control of the optical chirality in magneto-optical chiroptical metasurfaces is yet to be demonstrated.
Here, we demonstrate continuous switching of the extrinsic chirality in a magneto-optical metasurface by applied magnetic fields. In particular, we observed a sign reversal for the far field CD upon reversing the magnetic field with a large CD modulation amplitude up to ~2.5°, which is more than one order higher compared to previous reports. 10, 24, 26 By using self-assembly fabrication methods, we also demonstrate large scale integration and chiral imaging properties of such structures. The large optical chirality modulation in such structures is fundamentally due to the strong magneto-optical effect and low optical loss of Ce:YIG thin films, therefore demonstrating their promising potential for active chiroptical metasurface applications. Device structures of the magneto-plasmonic metasurface. Figure 1a shows the device structure and operation mechanism. From the top surface to the bottom. The device is composed of a thin Au membrane fabricated on top of a Ce:YIG/YIG/SiO2/TiN multilayer, deposited on top of a SiO2 substrate The operation mechanism can be understood as follows. Due to a centrosymmetric hexagonal structure of the nanoholes, the device shows extrinsic chirality when circular polarized light is obliquely incident on the metasurface. 12 This optical chirality is originated from an asymmetric electromagnetic field distribution in the nanohole structure when plasmonic resonant modes are excited. 12 On the other hand, and due to the MO activity of the Ce:YIG layer, a magnetic field applied along the surface normal induces a difference in the optical response of the system for left and right circularly polarized light, allowing magnetic field modulation of the CD signal.
RESULTS AND DISCUSSION
Moreover, due to the metal (Au)-dielectric-metal (TiN) (MIM) cavity structure of the multilayer film stack, this magnetic modulation is enhanced by the strong localization of the electromagnetic field in the Ce:YIG layer at the cavity mode. Note that the YIG layer acting as a seed layer for
Ce:YIG crystallization also shows magneto-optical effect. But the amplitude is about one order of magnitude lower than Ce:YIG, 29 which induces minor contribution to the CD modulation. For device fabrication, the Ce:YIG and YIG thin films are deposited by pulsed laser deposition (PLD), while TiN, SiO2 and Au thin films are deposited by sputtering (see methods). The perforated Au thin film is fabricated by PS sphere self-assembly, thermal evaporation and a lift-off process (see Supporting Information Figure S1 ). The crystal structures are characterized by X-ray diffraction (XRD), confirming the formation of garnet phases in YIG and Ce:YIG 29 Figure S2c ). Figure 1c shows the surface morphology of the perforated Au thin film measured by scanning electron microscopy (SEM). A uniform hexagonal periodic structure is observed. The period and radius of the nanoholes are 540 nm and 185 nm, respectively, which are also confirmed by atomic force microscopy (AFM) images in Supporting Information Figure S2b .
Extrinsic chiroptical properties of the metasurface. We firstly measure the CD spectrum of the devices under oblique incidence and zero applied magnetic fields using the Mueller matrix method on a spectroscopic ellipsometer, as shown in Figure 2a . Here, The CD is calculated by: 30 (1) where M14 is the matrix element of the normalized Mueller matrix, 30 ARCP and ALCP are the absorbance of the right and left circular polarized light respectively. 1-M14 and 1+M14 represent the reflection for left and right circularly polarized light, respectively. 30 Because our structure show no transmittance at the tested wavelength range due to the thick TiN layer, the absorbance is calculated by , where R is the reflectance of the device. Here, we use the equation 33(log(1-M14)-log(1+M14)) to convert the CD unit to degrees. 19 For normal incidence, the CD spectra is measured by the free-space CD characterization set-up. With increasing the incident angle from 45° to 60°, the CD peak is redshifted to longer wavelengths. A maximum CD of 1.5° is observed at around 960 nm wavelength with 60° incident angle. The redshift is due to coupling of the cavity mode and the surface plasmon mode of Au/CeYIG (1,0) at high incident angles, where (1,0) stands for the diffraction order of the hexagonal nanohole grating structure, as shown in Supporting Information Figure S3a . For the surface plasmon mode (SPP) of a hexagonal periodic structure, the 14 10 14
wavevector of the surface plasmon mode can be expressed as: 31 ( 2) where is free space wave-vector, P is the grating period, i and j are the diffraction orders of the grating,  is the incident angle, and are unit vector of reciprocal hexagonal lattice, m and d are the dielectric constants of the metal and dielectric layer respectively. The CD value is proportion to the incident angles, which is due to the large electric field asymmetry at high incident angles. 14, 32 The calculated CD spectra are shown in Figure 2b , which is consistent with experimental results. The spectrum is redshifted with increasing the incident angle, agreeing with experimental results. The experimental CD spectrum shows wider peak widths compared to the simulation results, possibly due to an underestimation of the optical loss in polycrystalline Au and Ce:YIG thin films.
As stated before, the large extrinsic optical chirality is due to an asymmetric distribution of the electromagnetic field under oblique incidence. To show this, we simulated the near-field distribution of the normalized electric field for 0° and 60° incident angles at 950 nm wavelength, as shown in Figure 2c -2f. For perpendicular incidence, the electric field distribution of RCP and LCP incident light are almost identical, leading to zero CD value. However, for 60° incidence, the normalized electric fields of RCP and LCP incident light are different, leading to large CD signals in the farfield. In order to confirm the correctness of the Mueller matrix method, we also measure the CD spectrum by a home-built free-space CD characterization set-up (see Supporting Information Figure   S4 ). In this case, the CD measured by free space optics is defined as:
where ARCP and ALCP are the absorbance of RCP and LCP incident light, respectively. The results
for both experiments agree with each other. The experimental absorption spectra of right (RCP) and
left (LCP) circular polarized light with incident angles changing from 45° to 60° are also shown in Supporting Information Figure S6a , indicating a cavity mode excitation at around 950 nm wavelength. Magnetic field tunable far field optical chirality. Next, we characterized the effect of applying a magnetic field to switch the extrinsic chirality. Upon the application of a magnetic field, the CD signal can be expressed by 33, 34 
where CD(B=0) is the extrinsic chirality of the nanohole structure under zero applied magnetic field, MCD is the magnetic circular dichroism originated from Ce:YIG. Note the index change of Ce:YIG under applied magnetic fields also lead to modulation of the near field electromagnetic field distribution, 26 which modulates the extrinsic chirality and is included in the MCD term. Thanks to the field localization in Ce:YIG, the far field CD is strongly influenced by the magneto-optical effect of Ce:YIG, therefore leading to a significant modulation of the CD signal by applied magnetic fields. Figure 3a shows the magnetic field modulation of the CD measured by the Mueller matrix method with different out-of-plane applied magnetic fields for the 45° incidence condition. To apply magnetic fields, we placed a small permanent magnet (NdFeB) behind the sample with the surface magnetic field up to 3.1 kOe as measured by a gauss meter. By flipping the polarity of the permanent magnet, negative magnetic fields can also be applied. By switching the magnetic field polarity, the CD signal at 950 nm wavelength is switched from -0.65° to +1.9°. To demonstrate continuously tunable CD signals by applied magnetic fields, we measured the CD spectra by applying different strengths of magnetic fields, as shown in Figure 3b . This is achieved by placing the sample at different distances from the permanent magnet. The CD signal gradually changes from negative to positive with changing the magnetic field from -3.1 kOe to +3.1 kOe, indicating a continuously tunable CD spectrum. In Figure 3c , we plot CD versus the applied magnetic field at 950 nm
wavelength. In this field range, the CD signal scales almost linearly with the applied magnetic field both for the positive and negative side, which is consistent with the magneto-optical hysteresis loops shown in Supporting Information Figure S8 . The error bar indicates the standard deviation of five measurements. Figure 3d shows the simulated CD spectra at 950 nm wavelength. The simulation results are consistent with the experimental results, with a CD tuning range from -1° to +1.9° at 950 nm wavelength. The difference between experiment and simulation is possibly due to a lower applied magnetic field compared to the saturation magnetic field required for Ce:YIG (the out plane saturation magnetic field is about 4 kOe, as shown in Supporting Information Figure S8 ). We also simulated and measured the CD spectra at different incident angles and under positive and negative applied magnetic fields, as shown in Supporting Information Figure S9 and Figure S10 . As we increase the incident angle the MCD decreases. On the other hand, the CD(B=0) signal increases with increasing the incident angles due to a stronger asymmetry of the electromagnetic field distribution, as shown in Figure 2a . Hence, for small incident angles, a lower CD(B=0) signal and larger magnetic field modulation amplitude is observed. Whereas for large incident angles, a higher CD(B=0) is observed, and a lower modulation amplitude by the magnetic fields is observed. 
where n0 is the complex refractive index of Ce:YIG without applying magnetic fields,  is the complex off-diagonal permittivity tensor element when Ce:YIG is magnetized to saturation. Ms is the saturation magnetization of Ce:YIG, and M ( ) is the magnetic moment of Ce:YIG， which is a function of applied magnetic field H determined by the magnetization hysteresis. Figure   4d and 4e shows the simulated OC difference between +Ms and -Ms magnetization condition of (CRCP-CLCP)-(CRCP-CLCP)). Therefore, the magnetic field modulation amplitude of the local OC (2  (C-C)/(C+C)) is around 6%. Unlike the non-magnetic component (Figure 4a, b, c) where a large OC is observed at the hole center, the highest amplitude of magnetic field modulation of the OC is observed at the edge of the hole, due to a larger field intensity in Ce:YIG at the edge. Finally, in Figure 4f , we also simulated the magnetic component of the extrinsic chirality, which was also about an order of magnitude higher compared to previous reports. 10, 26 Therefore, the large tuning range of the OC by magnetic fields makes our device potentially useful for active chiral photonic device applications. Figure 5b shows the reflectivity spectra of the hole area and bare multilayer thin films. In Figure 5c , we extract the CD image from the RCP and LCP light images, which is plotted by calculating reflectance circular dichroism (RCD=(RRCP-RLCP)/(RRCP+RLCP)) at each pixel point. 35, 36 Where the RRCP and RLCP represent the reflectivity of right and left circular polarization incident light, respectively. Upon applying upward or downward magnetic fields of 3.1 kOe, we observe obvious RCD sign reversal in the whole image at the metasurface regions indicated by color changing from yellow (positive RCD) to blue (negative RCD). The CD modulation amplitude reaches 6° in most metasurface regions, which is comparable to the single point measurement results. This result demonstrates the possibility to fabricate large scale active chiroptical metasurfaces using magneto-optical materials, which is promising for imaging and sensing applications. 
CONCLUSIONS
In summary, we report switching of the extrinsic optical chirality in magneto-optical metasurfaces using magnetic fields. Thanks to the strong cavity mode excited in low loss magneto-optical oxide thin films, we demonstrate a sign reversal and large tuning range of the far-field CD spectrum in magnetoplasmonic metasurfaces by applied magnetic fields from -0.65° to +1.9°, accompanied with a large modulation amplitude of the near-field optical chirality up to 0.6, which is one order higher compared to previous reports. We also demonstrate large scale fabrication capability of such tunable metasurfaces by presenting a millimeter scale metasurface device and magnetic field tunable chiral images. Our results demonstrate a promising potential of magnetic field tunable chiral metasurfaces based on low loss magnetic oxides for integrated polarization control, sensing and display applications. in nitrogen ambient at 860 ºC for 5 min to crystallize. The YIG acted as a seed layer for Ce:YIG thin film to crystallize which showed a higher magneto-optical effect. After YIG thin film crystallization, the Ce:YIG thin film was deposited at room temperature on YIG, and rapid thermal annealed in nitrogen at 800 ºC for 3 min.
METHODS
The perforated Au thin film was fabricated by polystyrene (PS) sphere self-assembly and lift-off technology. Firstly, PS sphere powders were dispersed in a mixture solution of water and ethanol (volume ratio 1:1) to prepare the PS sphere dispersed solution with a concentration of 15 wt %.
Then, the PS sphere dispersed solution was uniformly dispersed under ultrasonic cleaning for 1 hour.
To assemble the PS spheres, we slowly drop the PS sphere dispersed solution onto a water surface using a pipette. After that, a few drops of 0.1 wt % sodium dodecyl sulfate (SDS) were added to promote a dense self-assembly of PS spheres. After the PS sphere was self-assembled into a dense packed hexagonal lattice on the still water surface, we transferred the self-assembled PS spheres from water to sample surface. The multilayer film sample was placed into the water, underneath the PS sphere layer. Afterwards, the water was slowly pumped out using a peristaltic pump. After pumping the water, the PS sphere was transferred to the surface of the films. Then we dried the sample in ambient conditions for 2 hours followed by baking the sample for 1 min on a hot plate at 100 ºC. Then, the PS sphere was oxidized to smaller diameters from 547 nm to 360 nm in oxygen plasma (80 W, 250 s). Au thin film was then deposited on the sample surface by thermal evaporation (Leybold UNIVEX250) at room temperature with a base pressure of 110 -4 Pa. The perforated Au thin film was then fabricated by rinsing off the PS sphere, by soaking into a methylbenzene solution with ultrasonic cleaning for 3 min, and then rinsed in deionized water for 1 min.
Numerical Simulations. Commercial numerical software (COMSOL MULTIPHYSICS ® ) based on finite element method was used to simulate the far and near field response of the device. In our model, we used a hexagonal nanohole structure unit with periodic boundary conditions. The circular polarization light was defined in periodic port. A perfectly matched layer (PML) was set below the TiN layer along the propagation direction to absorb the scattered light. The reflectance spectra were calculated by the S-parameters in COMSOL. The OC was simulated at the interface between Au and Ce:YIG layer. For permittivity of Au and TiN, we use the Drude model 37 and Drude-Lorentz dispersion model 38 wavelength range from 230 to 1690 nm. Kerr spectra and Kerr Loops were obtained at nearly normal incidence with a magnetic field, generated by an electromagnet, applied perpendicular to the sample surface (see supplementary information). To measure the magnetic field modulation of CD, we used a NdFeB permanent magnet with the surface magnetic field up to 3.1 kOe confirmed by a Gauss meter. For chiral imaging, we replaced the photodetector with a CCD. A black silicon CCD with response wavelength up to 1310 nm and 400,000 pixels was used to detect the chiral images.
